Coking coal, the raw material of a coke plant, was applied to the adsorption of coking wastewater. In this study, coking coal was directly treated with sulfuric acid to improve its surface properties and adsorption ability. Acid treatment was carried out at various concentrations, by varying from 0.001 to 1 mol/L. The samples were characterized by ash content analysis, scanning electron microscope (SEM), N 2 adsorption-desorption analysis, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), wettability analysis, and zeta potential analysis. These results demonstrated that H þ could react with inorganic minerals, which resulted in a significant variation of the chemical composition and the structure of coal surface. Furthermore, both the ash content and the surface content of O ¼ C-O, C ¼ O and C-O groups declined gradually as the concentration of sulfuric acid increased, while the surface area and pore volume of micropore, the lipophilic and hydrophobic properties, and zeta potential magnitude increased, resulting in enhanced hydrophobic and Van der Waals' forces between the fine coal and organic pollutants. Characterization modification showed a better performance in adsorption, the removal rate enhanced from 23% to 42% after treated by 1 mol/L sulfuric acid. It was concluded that the acid activation modified the lipophilic and hydrophobic properties, the surface charge properties, surface area and pore volume, the content of oxygen functional groups, all of which could be potentially useful in wastewater adsorption.
INTRODUCTION
Millions of tons of coke are produced to cater to the growing demand for steel along with rapid urbanization in the developing world. Coking wastewater is one of the harmful byproducts from coke production, which contains enormous amount of carcinogenic compounds including phenolics, cyanide, ammonia, polynuclear aromatic hydrocarbons and nitrogen-, oxygen-and sulfur-containing heterocylic compounds (Wang et al. ) . Most of the compounds in the coking wastewater are highly concentrated, toxic, mutagenic and carcinogenic and may have long-term environmental and ecological impact (Chu et al. ) . The treatment of coking wastewater has been examined using various physical, chemical and biological means or combinations of them (Pal & Kumar ) . Chemical oxidation with ozone, hydrogen peroxide, chlorine or hypochlorite is one of the most widely used. However, this method has significant disadvantages such as the special requirements for waste disposal, high consumption of the noxious chemical agent and potential formation of chlorinated organic compounds (Huertas et al. ) . The use of activated sludge or other microbes is more eco-friendly. However, the complex pollution of the wastewater, primarily high concentrations of organic pollutant including phenol and polycyclic aromatic hydrocarbon (PAH) may impair the viability and activity of microorganisms (Papadimitriou et al. ; Sharma & Philip ) . So the coking wastewater biotreated effluent does not meet the existing discharge limits for residual organic constituents (chemical oxygen demand (COD) 50 mg/L) (GB - China). Cost-effective post-treatment of the coking wastewater effluent is desired to produce a final effluent that may be directly discharged and/or recycled for many reuse functions.
Depending on the influent composition and season of the year, the coking wastewater effluent contains variable concentrations of COD (100-200 mg/L). A variety of treatment technologies are available with different degrees of success to control and minimize water pollution (Tchobanoglous et al. ) . However, the shortcomings of most of these methods are high operational and maintenance costs, generation of toxic sludge and complicated procedure involved in the treatment (Bhatnagar et al. ) . Comparatively, adsorption process is considered a better alternative in water and wastewater treatment because of convenience, simplicity of design and ease of operation (Ali et al. ; Gautam et al. ; Bhatnagar et al. ) . The most commonly adopted adsorbent is the activated carbon. It is commonly used for the removal of various pollutants from water such as dyes and phenol. However, its higher cost and regeneration restricted the wide use in wastewater treatment.
A large variety of low-cost adsorbents have been examined for their ability to remove various types of pollutants from water and wastewater. Bhatnagar et al. (Bhatnagar & Sillanpaa ) investigated the use of low-cost sorbents coming from different activities (mainly industrial) for the removal of further pollutants such as PAHs. These wastes or byproducts used as low-cost sorbents could provide a two-fold advantage to environmental pollution. Firstly, the low-cost adsorbent can reduce the pollution of wastewater at reasonable cost and, secondly, the volume of waste could be partly reduced (Gisi et al. ) .
Recently, our group investigated a sustainable wastewater treatment technology. The detailed description could be found everywhere (Gao et al. a) . Gao et al. had confirmed the feasibility of this technology, and the results showed the adsorption capacity of coking coal was different at different pH values of wastewater. When the pH of wastewater was 2, the adsorption capacity of coking coal was three times higher than the pH of 7.5 (initial pH, which was not adjusted by H 2 SO 4 or NaOH) (Gao et al. , b) . One important question in this recent work is the way how the H þ increased the adsorption results from coking wastewater. By varying the concentration of soaked solutions (to determine the influence of H þ in the surface characteristic modification), the present work aims to analyze the changes of coking coal's properties and elucidate why the coking coal's adsorption capacity was much higher in the acidic solution.
MATERIALS AND METHODS

Materials
Coking coal was taken from a coke plant in Inner Mongolia, China. Coking coal was the raw material of coke with a particle size of À3 mm, and it was ground up to obtain a particle size of 0.074 mm. Through the particle size distribution (characterized by a laser particle size analyser), the particle diameter of 0.074 mm accounted for 85.17% (V m %). The mineral components of coking coal (characterized by an X-ray diffraction (XRD)) were mainly composed of amorphous coal with some minerals including quartz, kaolinite, illite and pyrite, and the special chemical compositions of ash (analyzed by energy dispersive X-ray fluorescence (XRF)) are shown in Table 1 .
Coking wastewater was also provided by the coke plant in Mongolia, China. It had been treated by stripping, phenols solvent extraction, oils separated and A/A/O biological treatment. The COD was 172 mg/L, the pH was around 7.5. And the organic pollutants of wastewater were mainly phenol, 2-methylphenol, 4-methylphenol and aniline (Gao et al. a, b) .
Acid activation of coking coal
Coking coal (40 g) was added to five 500 mL beakers and treated with 400 ml sulfuric acid solution with concentration of 1, 0.5, 0.1, 0.01 and 0.001 mol/L. These solutions were stirred for 10 min (1,000 r/min). These solutions were filtered and the treated coal (FCs) was washed with deionized water until the pH of the filter was neutral. Next, the coking coal was dried in a vacuum drying oven at 60 W C.
FC 1: Coking coal pretreated with 0.001 mol/L H 2 SO 4 solution; FC 2: Coking coal pretreated with 0.01 mol/L H 2 SO 4 solution; FC 3: Coking coal pretreated with 0.1 mol/L H 2 SO 4 solution; FC 4: Coking coal pretreated with 0.5 mol/L H 2 SO 4 solution; FC 5: Coking coal pretreated with 1 mol/L H 2 SO 4 solution.
Adsorption
To determine the impact of H þ on the surface characterization, we ran the adsorption experiments of raw coal and FCs (adsorptions of raw coal at different pH coking wastewater; adsorption of FCs at initial coking wastewater). According to the research results of our group, the coking wastewater sorption capacity of the adsorbents was examined using a 1:25 (4 g coking coal in 100 mL solution) coking coal: solution at room temperature (25 ± 2
The adsorption experiments were performed on an experimental scale mixer; at specified intervals, samples were removed and the solutions were immediately filtered through 0.45 μm pore size hydrophilic PTFE membrane filters to determine COD by potassium dichromate oxidation. The adsorption of different pH of coking wastewater was: 2, 3, 4, 5, 6, 7.5 for 10 min. FCs adsorptions were examined using an initial coking wastewater (pH ¼ 7.5) and time interval of 10 min.
Characterization
Ash content of FCs was carried out on an auto-measuring industrial analyser (5E-Mag6700II). The surface morphology of FCs was analyzed on a FEI Quanta 250 scanning electron microscope (SEM). Nitrogen adsorptiondesorption measurements were performed with a BEL-SORP-max ver. 2.1 using 0.4 g of samples for each measurement. Fourier transform infrared spectroscopy (FTIR) spectra were recorded between 4,000 and 400 cm À1 in a Nicolet 380 Thermo Scientific spectrometer. The Xray photoelectron spectroscopy (XPS) experiments were carried out at room temperature in an ultra high vacuum system with the surface analysis system (ESCALAB 250Xi, USA).
The wettability experiments were performed by a KRUSS tension meter K100. The detailed method was described everywhere (Zou et al. ) . The zeta potential was measured by analysing 0.5 g of FCs in 50 mL of deionized water using ZetaPALS (Brookhaven, USA).
RESULTS AND DISCUSSION
Ash content of FCs Figure 1 shows the ash content of FCs. The ash content of raw coal was 10.0%, however as the concentration of sulfuric acid increased, the ash content decreased. When coking coal was pretreated with 1 mol/L H 2 SO 4 , the ash content was reduced to 8.94%. Through XRD and XRF analysis, there were some minerals including quartz, kaolinite, illite and pyrite in the coking coal, so H þ from the acid could react with minerals and other inorganic compounds which were progressively exposed on the surface and within pores of the coal particles (Seidel & Zimmels ) . The relevant chemical reactions can be described schematically as follows, which was lead to dissolution of compounds of minerals in the coking coal, including kaolinite, illite and other ions.
SEM analysis
The surface of coking coal, which seems to be relatively smooth, exhibits small mounds as shown in Figure 2 (a). In contrast to these mounds, soaking with sulfuric acid produced more scraps and fragments. Meanwhile, there were a lot of holes on the surface of FCs produced by sulfuric acid soaked. As the concentration of sulfuric acid increased, the surface roughness also had an increasing trend. Therefore, more minerals and other inorganic compounds may react with H þ as the concentration of sulfuric acid increased.
Nitrogen adsorption-desorption analysis Figure 3 shows the N 2 adsorption-desorption isotherms of FCs. According to the IUPAC classification system, both the isotherms appeared to be a combination of the type IV. At low relative pressure (P/P 0 ) of less than 0.4, the adsorption uptake was relatively small, whereas an obvious increase in the higher relative pressure region (P/P 0 ¼ 0.4-1) was observed. This result could be considered to be an indication of pronounced capillary condensation in mesopores and micropores. After the sulfuric acid treatment, the amount of N 2 adsorbed/desorbed on resulting sample increasing progressively and reached the maximum value at FC 5. Table 2 summarizes The Brunauer-Emmett-Teller (BET) surface areas, specific pore volumes, and average pore diameters of FCs. The BET surface area of FCs increased with the increasing sulfuric acid concentration. Similar trend was observed for the changes of specific pore volume and thus the changes in BET surface area corresponded to those in specific pore volume of the same sample. In contrast, the average pore diameter of coal sample decreased from 8.9 to 6.6 nm when the concentration of sulfuric acid increased to 1 mol/L. The result of ash content analysis indicated that there was a decreased in ash content when the coking coal was soaked in sulfuric acid. Therefore, the acid treatment primarily caused the particle leaching out of inorganic minerals, which may result in the formation of micropores in FCs. As shown in Figure 4 , the surface area of micropores is the main component of total surface area. As the concentration of sulfuric acid increased, the surface area of micropores also increased gradually. And the pore volume of micropores had the similar trend, which is shown in Figure 5 . So the formation of micropores was the most probable reason for the observed increase in the surface area and specific pore volume. Consequently, a maximum BET surface area of 6.39 m 2 /g, a minimum average pore diameter of 6.64 nm was obtained for the coal sample soaked by sulfuric acid with a concentration of 1 mol/L. This change in the microstructure of FCs during sulfuric acid activation was also confirmed from the SEM studies. Figure 6 shows FTIR spectra of raw coal and acid treated sample. Treatment with H 2 SO 4 did not result in the formation of any new peaks in the FTIR spectra relative to raw coal. The absorptions at 3,673 cm À1 and 3,621 cm À1 indicated the presence of the O-H stretching vibration. A strong absorption observed at 2,910 cm À1 was assigned to the asymmetric C-H stretching vibrations of aliphatic groups. A well defined peak with a maximum at 1,589 cm À1 may indicate the presence of -C ¼ O groups. This peak seems less defined for the treated coal, so the H 2 SO 4 treatment procedure seem to result in the -C ¼ O groups reacting and disappearing from the coal structure. Overlapping and broad Si-O-Si and Al-O-Al vibrations between 1,200 cm À1 and 900 cm À1 were attributed to silicates and aluminates both in the raw coal and FCs. And the strong peak at 1,025 cm À1 decreased gradually with decreasing ash content of the samples (Strydom et al. ). The absorption peak at 540 cm À1 was characteristic of the stretching vibrations of the Si-O groups that were present in kaolinite (Alessio et al. ) . The kaolinite was removed during acid treatment, as these peaks decreased its intensity. The peak at 470 cm À1 was assigned to the stretching vibrations of the Si-O group in quartz (Alessio et al. ) . The intensity of the quartz Si-O absorption gradually decreased with decreasing ash content.
FTIR analysis
XPS analysis
The data processing was performed with XPS peak fit software, using a smart type background subtraction and Lorentzian peak shapes. The binding energies were corrected by setting the C1s hydrocarbon peak at 284.6 eV.
C1s peak is about 285 eV, O1s is around 533 eV, Si2p is about 103 eV, and Al2p is near 75 eV (Xia et al. ). Figure 7 , it can be concluded that the intensity of C1s peak increased but the intensity of O1s decreased after soaked by sulfuric acid. Meanwhile, the intensity of Al2p also had a declining trend. The changes in peak of Si2p were not very obvious. The content of C1s, O1s, Al2p and Si2p could be calculated through the analysis of XPS wide energy spectrums and are shown in Table 3 .
The content of atomic carbon increased from 76.42 to 79.97% while the content of atomic oxygen decreased from 17.11 to 14.78%. Meanwhile, the content of atomic aluminum decreased from 3.17 to 2.06%. The surface C/O atomic ratio increased from 4.46 to 5.41. It indicated that the content of inorganic minerals on coal surface decreased but the organic materials (carbon) on coal surface increased after pretreated by sulfuric acid. It seemed that the inorganic minerals reacted with H þ and the ions shed from coal surface, which also be described in ash content and SEM analysis. Figure 8 is C1s peaks for FCs surface. For C1s peaks, peaks at binding energies of 284.6, 285.87, 287.18, and 289.12 these four groups could be calculated and are shown in Table 4 . The content of C-C or C-H groups increased from 85.05 to 91.91% after soaked by sulfuric acid. However, the content of O ¼ C-O groups decreased from 2.04% to 0.69%. Meanwhile, the content of C-O and C ¼ O also had a declined trend, from 9.52 and 3.39 decreased to 5.45 and 1.95, respectively. It indicated that sulfuric acid may remove some -COOH from the coal structure, which also can obtain this conclusion from FTIR analysis.
When soaked by sulfuric acid, the content of oxygen containing functional groups on FCs decreased while the In this investigation, the content of hydrophilic functional groups decreased while the hydrophobic functional groups increased after being pretreated by sulfuric acid. Therefore, coking coal treated by sulfuric acid might make the coal surface less hydrophilic. 
Wettability analysis
Washburn dynamic method was used to analysis the hydrophilic and hydrophobic property of FCs. N-hexane and deionized water were selected as the wetting liquids in the experiment. N-hexane was analytically pure, and deionized water was produced by an ultrapure water system in the laboratory. The physical parameters of the two wetting liquids at 20 W C are shown in Table 5 .
Washburn equation
It was assumed that the filling bed was composed of many capillary tufts, and the process of liquid wetting was laminar flow, so the equation which was derived from Poiseuille's law was as follows:
ω is the quality of liquid in the filling bed, g. The effective half diameter of the capillary is r eff (in μm) and ε is the porosity of the fine particles in the packed bed. R is the radius of the packed bed (in mm), while ρ is the density of wetting fluid, (g/mL). γ is the surface tension of liquid (in mN/m), and θ corresponds to the wetting contact angle. η is the viscosity of liquid (in mPa·s), and t is the wetting time (in s). If c ¼ γ eff ε 2 (πR 2 ) 2 , then:
, k A and k B are linear slopes of ω 2 À t, which are two types of wetting liquids (oil phase and water phase) on the same material, the lipophile hydrophile ratio (LHR) was the wettability of material on organic matter and water, then: Figure 9 shows the wetting curves for FCs by n-hexane and deionized water. As the H 2 SO 4 concentration increased, the wetting rate by n-hexane increased gradually, while the wetting rate by deionized water decreased. As the wetting curves for FCs by n-hexane and deionized water were linear up to 40 s and 300 s, respectively, time ranges of 3 to 40 s and 20 to 300 s were selected to evaluate the wetting rate to compare the wettability for FCs by n-hexane and deionized water using the Washburn dynamic method. According to the Washburn dynamic method and the concept of the LHR, the hydrophilic and hydrophobic properties of FCs can be determined. The wetting rates and LHRs of FCs are shown in Table 6 . As shown in Table 6 , the LHR values increased gradually with increasing H 2 SO 4 concentration. When coking coal soaked by the concentration of 1 mol/L, the LHR value increased from 3.70 (for the untreated sample) to 5.78. This increase may be due to hydrophilic functional groups and inorganic minerals decreased as the conclusion described in XPS analysis. So it indicated that coking coal treated by sulfuric acid might make the coal surface more hydrophobic.
Zeta potential analysis Figure 10 shows the Zeta potential of FCs in deionized water at a pH of 5.86. All FCs were found to have negative Zeta potential, and the Zeta potential of raw coal in deionized water was À25.29 mV. As the H þ concentration of the soaking solution increased, the zeta potential of the FC became less negative in deionized water.
Coal is usually negatively charged and gives a negative zeta potential in distilled water due to its anisotropic nature (Hussain et al. ) . Mori et al. reported that the chemical components of the coal samples were determined from the zeta potential of the particles, for example, the content of carbon, hydrogen, oxygen, nitrogen, sulphur and ash (Mori et al. ) . Meanwhile, Cai et al. reported that -COOH was the mainly negative functional group and the surface would be more negatively charged with the increasing content of -COOH (Cai et al. ) . So the zeta potential of FCs was less negative in deionized water may mainly due to the decreased content of -COOH and the changed chemical components. Figure 11 reveals the effects of different pH of coking wastewater on the COD removal efficiency. This finding illustrated that the COD removal rate was 69. 6% when the pH was 2 (raw coal dose was 40 g/L). The COD removal rate increased gradually as the pH of coking wastewater decreased. This increase was related to the changes of adsorbent and adsorbate as the increasing concentration of H þ . An average of 3.90 g COD/kg raw coal was removed. Figure 12 shows the adsorption result of coking wastewater by FCs. The COD of coking wastewater was 224 mg/L and the maximum adsorbed percentage for coking wastewater was 42.14% (adsorbed by FC5, which pretreated with 1 mol/L H 2 SO 4 solution), indicating that the surface proprieties changed by H þ can significantly improve the adsorption ability. The ash content, surface area, pore volume, the content of functional groups, the hydrophilic and hydrophobic property may all have an effect on the adsorption ability of FCs. It concluded that characterization and modification of treated coking coal may improve the adsorption property by Van der Waals' force, hydrophobic bond.
Adsorption experiments
CONCLUSION
Characterization and modification of coking coal were achieved by sulfuric acid treatment, which resulted in the variation of the surface chemical composition, the surface area and pore volumes, the content of functional groups, the roughness of surface, the hydrophilic and hydrophobic properties and the surface charge property. After treatment with H 2 SO 4 , both the ash content and the surface content of O ¼ C-O, C ¼ O and C-O groups had a declining trend, while the surface area and pore volumes of micropore, the lipophilic and hydrophobic properties all increased, meanwhile the surface charge was less negative.
Characterization modification of FCs showed a better performance in adsorption. The surface modification may enhance the adsorption ability by Van der Waals' force, hydrophobic bond. We hope such variations could be potentially useful in wastewater adsorption, thereby explaining the adsorption mechanism between coking coal and organic pollutant.
